Congenital anomalies of the aortic valve are common and are associated with progressive valvular insufficiency and/or stenosis. In addition, aneurysm, coarctation, and dissection of the ascending aorta and aortic arch are often associated conditions that complicate patient management and increase morbidity and mortality. These associated aortopathies are commonly attributed to turbulent hemodynamic flow through the malformed valve leading to focal defects in the vessel wall. However, numerous surgical and pathological studies have identified widespread cystic medial necrosis and smooth muscle apoptosis throughout the aortic arch in affected patients. Here, we provide experimental evidence for an alternative model to explain the association of aortic vessel and valvular disease. Using mice with primary and secondary cardiac neural crest deficiencies, we have shown that neural crest contribution to the outflow endocardial cushions (the precursors of the semilunar valves) is required for late gestation valvular remodeling, mesenchymal apoptosis, and proper valve architecture. Neural crest was also shown to contribute to the smooth muscle layer of the wall of the ascending aorta and aortic arch. Hence, defects of cardiac neural crest can result in functionally abnormal semilunar valves and concomitant aortic arch artery abnormalities.
Introduction
Early stages of cardiac valve development have been extensively studied and include a well-recognized example of epithelial-mesenchymal transformation (EMT) in which endothelial cells underlying the primitive endocardial cushions respond to extracellular signals to invade the underlying matrix, change shape, and proliferate. This process of EMT results in relatively bulky and cellular endocardial cushions by mid-gestation. Subsequently, endocardial cushions remodel to form the thin valve leaflets that prevent reversal of blood flow in the mature heart. The signals and cellular events that mediate valve remodeling are poorly characterized, although apoptosis and alterations in extracellular matrix production have been described (1) (2) (3) (4) (5) .
Semilunar valve development is distinguished from atrioventricular valve development by the infiltration of migrating neural crest, which orchestrates important aspects of outflow tract septation and aortic arch artery remodeling (6, 7) . A subpopulation of cardiac neural crest cells differentiate into vascular smooth muscle cells that populate the walls of the ascending aorta, aortic arch, and head vessels, and defects of neural crest cells in animal models produce coarctation and interruption of the aortic arch and a wide range of related outflow tract and aortic arch artery defects (7) (8) (9) . Despite abundant contributions of neural crest to the mesenchyme of the outflow tract endocardial cushions during midgestation, few neural crest derivatives are present in the mature semilunar valve leaflets (10) .
Cardiac neural crest cells delaminate from the dorsal neural tube at approximately E8.5 in the mouse and migrate through the pharyngeal arches on their way to the forming heart (10, 11) .
Before entering the cardiac outflow tract at approximately E10, neural crest is in close apposition to second heart field mesoderm (12) . Second heart precursors are characterized by expression of Islet1 and are labeled by transgenic mice that utilize a specific "anterior heart field" (AHF) enhancer of the Mef2c locus (13, 14) . Second heart precursors contribute primarily to myocardium in the right ventricle and outflow tract and to some smooth muscle and endothelial derivatives (13, 14) . We have recently shown that defects in Notch signaling within second heart precursors result in cardiac defects reminiscent of those seen in humans with Alagille syndrome, which can be caused by mutations in Notch signaling components (15) (16) (17) . Our data suggested that Notch signaling in the second heart field mediates interactions with the migrating cardiac neural crest that are responsible for appropriate outflow tract development. Interestingly, Alagille patients also display semilunar valve abnormalities (18) . Notch mutations and copy number variations have been linked to tetralogy of Fallot, which is characterized by a dysmorphic pulmonic valve in addition to an overriding aorta, right ventricular hypertrophy, and ventricular septal defects (19, 20) . NOTCH1 mutations have been associated with bicuspid aortic valve disease in humans without underlying Alagille syndrome or tetralogy of Fallot (21) (22) (23) .
Bicuspid aortic valve disease is among the most common of congenital defects, affecting 1%-2% of the population (24) . Bicuspid valves are characterized by the presence of only 2 complete commissures (though an incomplete third commissure is often present) and unequally sized leaflets (5) . Aortic valve abnormalities are associated with aneurysms of the ascending aorta, ventricular septal defects, aortic coarctation, and dissection of the carotid and vertebral arteries, which are not all easily attributed to secondary hemodynamic effects of valvular irregularities (25) (26) (27) . Intriguingly, craniofacial defects are also associated with bicuspid aortic valve, suggesting an underlying relationship to neural crest (25) , which contributes to craniofacial mesenchyme. Furthermore, numerous pathological studies have demonstrated noninflammatory degeneration of neural crestderived smooth muscle cells in the ascending aorta and aortic arch of patients with bicuspid aortic valves, even those without aneurysm formation, which is often characterized as cystic medial necrosis (28) (29) (30) (31) . Nevertheless, experimental evidence to support a common underlying developmental mechanism to explain the association of aortic valve and associated aortopathy has been lacking.
In order to explore the role of neural crest and related tissuetissue interactions during late stages of semilunar valve remodeling, we examined mice with genetic defects restricted to neu-ral crest and mice with second heart field defects causing secondary neural crest abnormalities. We show that loss of Pax3 in neural crest leads to dysmorphic and thickened semilunar valves that are functionally incompetent. These abnormal valves display an increase in extracellular matrix deposition and a deficiency of mesenchymal apoptosis, which normally accompanies late stage remodeling and valvular thinning. Furthermore, inhibition of Notch signaling that is restricted to the second heart field results in secondary abnormalities of neural crest patterning and semilunar valve abnormalities that are virtually identical to those seen in Pax3 mutants. These results uncover what we believe is a novel and critical role for cardiac neural crest in the formation of the semilunar valves and illustrate the importance of coordinate tissue-tissue interactions during cardiac development.
Results

Loss of Pax3 results in abnormal semilunar valve morphology. Pax3
is expressed by premigratory neural crest, and Pax3 mutants display well-characterized defects of multiple neural crest derivatives (11, 32, 33) . For example, Splotch mutant embryos on a C57BL/6 genetic background lacking Pax3 succumb by E13.5 and display complete failure of outflow tract septation, deficiency of premigratory neural crest expansion, and substantial abnormalities of postmigratory cardiac neural crest patterning and function (34) (35) (36) . Mid-gestation lethality has precluded examination of later stages or an investigation of the role of Pax3 in semilunar valve maturation. Therefore, we outcrossed Pax3 mutants onto a CD1 mixed genetic background and noted occasional survival of mutant embryos through late gestation, though we never observed any live-born mutant pups (of more than 100 litters examined derived from heterozygous crosses).
Optical projection tomography (OPT) of E16.5 WT or Pax3 Cre/+ control embryos demonstrated trileaflet aortic and pulmonic valves with 3 complete commissures ( Figure 1, A demonstrated large, thickened valve leaflets resulting in a lack of coaptation ( Figure 1C and Supplemental Video 3). Frequently, only 2 complete commissures were visualized, consistent with a bicuspid valve anomaly. Using OPT data, we quantified the average semilunar valve leaflet volume from E16.5 mutant and control embryos. The average semilunar valve leaflet volume of Pax3 Cre/Cre mutant embryos was 2.6 times larger than that of control littermates (4,597,608 ± 823,585 μm 3 [n = 3 embryos, 4 valves] versus 1,791,527 ± 217,029 μm 3 [n = 3 embryos, 6 valves]; P = 0.0029).
Histological analysis revealed semilunar valves with thin, crisp edges in both Pax3 +/+ and Pax3 Cre/+ control embryos at E16.5, while Pax3 Cre/Cre littermates displayed severely dysmorphic and thickened semilunar valve leaflets of unequal size (Figure 1 , D-I). The atrioventricular valves, which do not receive neural crest contribution, appeared normal in these embryos (Supplemental Figure 1 ). More detailed analysis revealed the normal trilaminar architecture and organized cellularity in control embryo aortic valve leaflets, while mutant embryos displayed an increase of extracellular matrix in the mutant valve leaflets (Figure 1 , J-O).
Loss of Pax3 results in abnormal semilunar valve function. We assessed semilunar valve function by intrauterine echocardiography at E16.5. Embryos from 3 litters of timed pregnant female Pax3 Cre/+ mice, impregnated by a Pax3 Cre/+ male, were examined by pulsewave Doppler analysis of the aorta for evidence of flow reversal. Studies were performed prior to embryo genotyping, and the examinations and image interpretation were performed in a blinded fashion. All Pax3 +/+ (11/11) and Pax3 Cre/+ embryos (16/16) demonstrated absence of detectable regurgitant flow beyond trace amounts associated with valve closure (Figure 2 , A and B). All Pax3 Cre/Cre embryos (5/5) demonstrated at least moderate-to-severe aortic insufficiency, characterized by a regurgitant jet present through the entirety of diastole ( Figure 2 , C and D). Aortic insufficiency has been noted in some studies to be the most prevalent valvular abnormality in humans with a bicuspid aortic valve (37) .
Semilunar valve defects in Notch second heart field mutants. We investigated the expression of neural crest markers in control and
Pax3 Cre/Cre mutants during the development of the outflow tract cushions. Sema3C is robustly expressed by postmigratory cardiac neural crest (38) . Control embryos demonstrated 2 clusters of neural crest cells in the outflow tract cushions, as noted previously (7, 10, 39) , at E11.5 by in situ hybridization ( Figure 3A ). These cells are at the leading edge of the columns of neural crest cells invading the OFT. However, Pax3 Cre/Cre embryos had a clear reduction in the Sema3C expression domain in the outflow tract cushions ( Figure 3B ). The mutant embryos maintained myocardial Sema3C expression within the myocardial wall of the outflow tract, demonstrating sensitive detection of Sema3C expression by in situ hybridization in mutant embryos. These data are consistent with both a reduction in the number of cardiac neural crest cells and altered migration characteristics as previously reported in Splotch mutants (34, 36, 40) .
We have recently shown that inhibition of Notch signaling in the second heart field results in complex outflow tract and pharyngeal arch artery abnormalities that are strikingly reminiscent of those resulting from neural crest defects (15) . As second heart field precursors migrate through the pharyngeal mesenchyme, they are located in close proximity to migrating neural crest cells. Therefore, we have postulated that cardiovascular defects in the Notch second heart field mutants are due, in part, to abnormal neural crest patterning (15) . Hence, we sought to examine the semilunar valves in second heart field Notch mutants to determine whether they showed abnormalities similar to those seen in Pax3 neural crest mutants.
Disruption of Notch signaling in the second heart field was accomplished by cre-inducible expression of a truncated form of the mastermind-like protein DNMAML, using 2 distinct second heart field cre mice, Islet1 Cre/+ and Mef2c-AHF-Cre. All 4 mammalian Notch receptors interact with mastermind-like proteins after ligand-mediated activation and translocation to the nucleus. DNMAML is a well-characterized truncated form of mastermind-like protein that acts as a specific and effective Notch inhibitor by binding to the Notch intracellular domain and preventing recruitment of coactivators. We used mice in which DNMAML (knocked into the constitutively active Rosa26 locus) is expressed in a tissue-specific manner after activation by cre recombinase (41) . We confirmed that activation of DNMAML in the second heart field by either Islet1 Cre/+ or Mef2c-AHF-Cre resulted in abnormal neural crest patterning in outflow tract endocardial cushions. Islet1 Cre/+ ;DNMAML and Mef2c-AHF-Cre;DNMAML mutant embryos showed a paucity of Sema3C expression in the outflow cushions at E11.5 (Figure 3 , C and D). We confirmed these results with a second marker of postmigratory neural crest, PlexinA2. PlexinA2 expression was decreased in Pax3 Cre/Cre mice, Islet1 Cre/+ ;DNMAML mice, and Mef2c-AHF-Cre;DNMAML mutants ( Figure 3 Abnormal neural crest patterning in Notch second heart field mutants suggests that Notch is a mediator of signaling between the second heart field and migrating neural crest. We detected apposition of migrating neural crest derivatives and Islet1-expressing pharyngeal mesoderm as early as E9.5 within the ventral pharynx. Pax3 Cre/+ ;Z/EG embryos (in which the Z/EG allele serves as a cre-reporter allele that activates expression of Figure 1) .
Intrauterine echocardiography of E17.5 Islet1 Cre/+ ;DNMAML or Mef2c-AHF-Cre;DNMAML embryos was utilized to assess valve competency. All 6 control (littermate WT) embryos demonstrated trivial or no aortic insufficiency ( Figure 5A ). However, each of 4 Islet1 Cre/+ ;DNMAML embryos demonstrated at least moderateto-severe aortic insufficiency ( Figure 5B ). Likewise, 5 additional control (WT littermate) embryos examined were free of significant aortic insufficiency, while all 4 Mef2c-AHF-Cre;DNMAML mutant littermates demonstrated at least moderate-to-severe aortic insufficiency ( Figure 5, C and D) . A regurgitant jet present throughout diastole was defined as moderate-to-severe aortic insufficiency. Thus, semilunar valves of embryos in which Notch signaling is inhibited in the second heart field are morphologically and functionally abnormal. Abnormal semilunar valves are associated with a deficiency of apoptosis and remodeling. Neural crest derivatives can be identified within the outflow tract endocardial cushions as early as E10.5, although few derivatives remain by E17.5 (Supplemental Figure 2) . The developing semilunar valve leaflets retain substantial contribution of neural crest derivatives at E13.5, but by E16.5 there is a considerable decrease. By E17.5, the semilunar valve leaflets are nearly devoid of neural crest derivatives (Supplemental Figure 2 ). In neural crest mutants and in second heart field mutants with neural crest patterning defects, outflow endocardial cushions are initially hypocellular, at least in part due to a deficiency of neural crest mesenchymal derivatives (15) . However, paradoxically, these mutants display hypercellular semilunar valves by late gestation (Figures 1 and 4 ). Since normal late remodeling of the semilunar valves is associated with a decrease in mesenchymal proliferation and an increase in apoptosis, we examined these parameters in normal and mutant embryos during late gestation (E16.5-E17.5).
Pax3 +/+ and Pax3 Cre/+ control semilunar valve leaflet mesenchyme exhibited 0.51% and 0.53% TUNEL + cells, respectively (n = 3 embryos for each genotype, 6495 and 7314 mesenchymal cells counted, respectively) at E16.5. However, littermate Pax3 Cre/Cre embryos demonstrated a statistically significant defi-ciency of apoptosis (0.17% TUNEL + cells, 8749 mesenchymal cells counted, P < 0.005 versus either control genotype; Figure  6A and Supplemental Figure 3 ). We did not detect a statistically significant difference in proliferation as assessed by the percentage of phospho-histone H3 + cells (Pax3 Cre/+ : 0.40% ± 0.20 vs. Pax3 Cre/Cre : 0.49% ± 0.14, P = 0.74). Likewise, E17.5 Mef2c-AHF-Cre+;DNMAML embryo semilunar valve leaflets displayed a statistically significant decrease in apoptosis when compared with control littermates (0.38% TUNEL + cells in DNMAML control [n = 3 embryos, 15445 cells counted] versus 0.09% TUNEL + cells in Mef2c-AHF-Cre;DNMAML [n = 3 embryos, 40707 cells counted, P = 0.0004, Figure 6B and Supplemental Figure 3 ]), while no statistically significant change in phospho-histone H3 + cells was noted. Similar results were obtained when Islet1 cre/+ ;DNMAML embryos were compared with control littermates (data not shown). Hence, deficiency of neural crest contribution to the outflow endocardial cushions is characterized by an increase in extracellular matrix (Figures 1 and 4) and a deficiency of apoptosis ( Figure 6 ) during late stages of valve remodeling. Our data suggest that neural crest cells in the semilunar valve leaflets initiate an apoptotic process of surrounding mesenchymal cells that contributes to valve remodeling. Consistent with this hypothesis, less than 5% of apoptotic nuclei counted in Pax3 Cre/+ ;Z/EG
Figure 4
Notch inhibition in the second heart field results in dysmorphic semilunar valve leaflets. 3D reconstructions of OPT-generated images of E17. E16.5 semilunar valve leaflets were neural crest derivatives (3/68 nuclei counted), but our data do not exclude the possibility that they are second heart field derivatives.
Discussion
Our results demonstrate what we believe is a novel role for neural crest cells in semilunar valve leaflet maturation. During normal cardiogenesis, migrating neural crest and second heart field cells are in close proximity in the ventral pharynx and endocardial cushions ( Figure 3 , K and L). Our data suggest that instructive cues are exchanged between these cell fields and these cues are necessary for semilunar valve maturation. Specifically, we provide evidence that signals from the neural crest populating the outflow endocardial cushions mediate alterations in extracellular matrix production and promote apoptosis that characterizes late gestation semilunar valve leaflet remodeling (Figure 7) . Deletion of Pax3 results in abnormal neural crest patterning and bicuspid-like valve leaflets, which are characterized by an increase in extracellular matrix and deficiency of late-gestation apoptosis. Notch inhibition in the second heart field results in abnormal neural crest cell patterning, and these mutants also display similarly dysmorphic semilunar valve leaflets, though we cannot exclude a direct effect on second heart field-derived mesenchyme. These results provide evidence that semilunar valve leaflet remodeling is dependent upon appropriate tissue-tissue interactions amongst the second heart field, neural crest, and valve mesenchyme. Though all our mutants display outflow tract defects, our data, in accord with others, suggest that semilunar valve leaflet maturation occurs late in gestation, while septation and patterning of the outflow tract occur at earlier time points (15) . Nonetheless, we cannot exclude the possibility that the valve abnormalities we detect are secondary to or dependent upon the outflow defects.
Several studies have shown an association between NOTCH1 mutations and the presence of a bicuspid aortic valve. Garg et al. identified 2 families with multiple generations with congenital cardiac defects including bicuspid valve disease that were associated with mutations in NOTCH1, including R1108X resulting in a premature stop codon and H1505del resulting in a frameshift mutation and truncated protein (21) . Other studies have identified other NOTCH1 mutations associated with sporadic forms of bicuspid aortic valve, including those with thoracic aortic aneurysms (22, 23) . These studies did not address the specific tissue in which Notch functions during semilunar valve maturation. Notch signaling regulates endothelial-mesenchymal transformation during endocardial cushion formation (43) . However, our data suggest that abnormalities of Notch signaling in neural crest (9) or second heart field can also contribute to the development of abnormal semilunar valves. Our previous studies have shown that inhibition of Notch in the second heart field impairs Fgf8 signaling (15) . Interestingly, engineered deficiencies in Fgf8 can also result in bicuspid aortic valve and vascular smooth muscle abnormalities of the great arteries (44, 45) . Fgf8 expressed by second heart field mesoderm is likely to function in an autocrine fashion (46) and the signals that mediate crosstalk between the second heart field and neural crest remain to be fully elucidated. Further studies investigating the modulators of Notch and Fgf8 signaling in syndromic and nonsyndromic cases of bicuspid aortic valve will be of interest.
Multiple types of aortic arch malformations are associated with abnormal semilunar valves, including bicuspid aortic valve. The association between bicuspid aortic valve and aortic dissection and aneurysm is well documented, and interestingly, studies have shown that up to 60% of patients with aortic coarctation have a concomitant bicuspid aortic valve (28, 30, 31, 47) . In addition, multiple cases of carotid and vertebral artery dissection in patients with bicuspid aortic valve have been reported (26) . In some cases, vascular abnormalities may be secondary to abnormal hemodynamics created by a faulty aortic valve. However, multiple studies have demonstrated aortic dissections and aneurysms in patients without hypertension, hemodynamic perturbations, or with only mildly abnormal valves, suggesting an intrinsic defect in the aorta of these patients (26, 30, 48, 49) . Interestingly, evidence of cystic medial necrosis, a process in which aortic vascular smooth muscle undergoes apoptosis, has been found in patients before dilation of the aorta is clinically noted (28) . In addition, evidence of fragmented elastic fibers with greater distance between fibers has been reported (31) . The contribution of neural crest to the smooth muscle of the ascending aorta and aortic arch is well documented (7, 10) , and our neural crest and Notch mutants reveal disorganized aortic intimal layers with increased distance between cells (Supplemental Figure 4 and ref. 45) . To the best of our knowledge, our data provide the first experimental evidence unifying the developmental mechanisms underlying semilunar valve and aortic arch abnormalities.
TGF-β signaling has been extensively studied in the setting of aortic aneurysm formation, Marfan syndrome, and related disorders (50) . Marfan syndrome is a disease characterized by mutations in FIBRILLIN1, which usually sequesters TFG-β. Without this modulation, an increase of TGF-β signaling manifests as aortic root dissection, skeletal overgrowth, pulmonary emphysema, and ocular lens dislocation, the classic signs of Marfan syndrome (50) . Loeys-Dietz syndrome is an autosomal dominant syndrome closely related to Marfan syndrome, characterized by gain-of-function mutations in the genes encoding the type I or II TGF-β receptor, arterial tortuosity, arterial dissections and aneurysms, bicuspid aortic valve, and various craniofacial abnormalities (50) (51) (52) . Importantly, the aortas of Marfan syndrome patients and patients with bicuspid aortic valve and aortic aneurysm demonstrate loss of elastic fiber architecture and abnormal distribution of collagen and other extracellular matrix proteins (53, 54) . Vascular specimens from Loeys-Dietz patients and nonsyndromic cases of patients with bicuspid aortic valve and aortic aneurysm demonstrate increased TGF-β signaling. Reduction of TGF-β signaling through the administration of neutralizing antibodies or chemical antagonists can attenuate the phenotypes (51, 52, (54) (55) (56) . Notch and TGF-β signaling have been shown to cooperate to promote vascular smooth muscle differentiation (57), although we were unable to detect increases in phospho-Smad2/3 in our Notch and neural crest mutants (data not shown). Further studies will be needed to elucidate the role of TGF-β signaling in the tissue-tissue interactions that we have described during aortic arch and semilunar valve remodeling.
As the neural crest migrates through the pharyngeal mesenchyme, it is in close proximity to the second heart field, a likely location for signaling between these 2 cell populations (Figure 3 , F and G). Bmp4 is robustly expressed in the 2 columns of cardiac neural crest as they enter the outflow tract and populate the endocardial cushions (15) and is a mediator of apoptosis in other tissues (58) . Bmp4 expression in cardiac neural crest is diminished upon Notch inhibition in the second heart field (15) . Hence, Bmp4 is an attractive candidate as a mediator of apoptotic signaling from neural crest that can respond to signals from the second heart field (15) . Indeed, Bmp4 is required for proper aortic arch remodeling and semilunar valve development (59, 60) . However, deletion of Bmp4 in the neural crest (using Wnt1-cre) does not result in abnormal semilunar valves (data not shown). Msx signaling has been shown to be an important regulator of neural crest apoptosis (61), and Msx genes can function downstream of Bmp signaling. However, we have not observed consistent changes in Msx1 or Msx2 expression in late
Figure 7
Model depicting the role of neural crest in semilunar valve development. Neural crest cells (green) are in close apposition to second heart field precursors (red) in the ventral pharynx during migration to the outflow endocardial cushions (light gray), where they provide instructive signals to orchestrate apoptosis (depicted as dark gray cells) and changes in extracellular matrix production during valve remodeling.
gestation Notch mutant valves (data not shown). Finally, MMP signaling has been the focus of intense investigation in its role in bicuspid aortic valve and aortic aneurysm formation and progression. Specifically, MMP-2 and MMP-9 levels are altered in in vitro and ex vivo studies of bicuspid aortic valve and aneurysms (53, 62, 63) . However, it must be elucidated whether abnormal levels of MMP-2 or MMP-9 are causal in the phenotype or a marker of disease. In addition, deciphering the spatial and temporal expression of MMP signaling during semilunar valve development will be of great interest. The identification of the neural crest-derived apoptotic signal or signals that are required for semilunar valve remodeling will be the focus of future studies, as will the characterization of signals responsible for altered extracellular matrix production.
In summary, our data suggest that neural crest provides an instructive signal for remodeling of the semilunar valves and highlight the importance of tissue-tissue interactions among second heart field, neural crest, and endocardial cushion mesenchyme. The experimental demonstration of a role for neural crest in the pathophysiology of congenital semilunar valve disorders provides a developmental mechanism to explain the association of aortic and pulmonary valve defects with vascular abnormalities of the aortic arch.
Methods
Mice. Pax3 Cre/+ mice were outbred onto a mixed CD1 background. Pax3 Cre , Islet1 Cre , Mef2c-AHF-Cre, and DNMAML mice were genotyped as previously described (40) . Littermate animals were compared in all experiments unless otherwise noted. All animal protocols were approved by the University of Pennsylvania Institutional Animal Care and Use Committee. James F. Martin (Texas A&M University, College Station, Texas, USA) provided Wnt1-cre;Bmp4 flox/flox embryos.
Histology, immunohistochemistry, and in situ hybridization. Samples were fixed overnight (E9.5 to E11.5 embryos) or for 48 hours (E16.5 to E17.5 embryos) with 4% paraformaldehyde and dehydrated through an ethanol series. Samples were then paraffin embedded and sectioned. Antibodies used for immunostaining were mouse monoclonal anti-AP2α (catalog #5E4; Developmental Studies Hybridoma Bank), rabbit polyclonal anti-GFP (catalog A11122; Invitrogen), and mouse monoclonal anti-phospho-histone H3 (catalog 9706L; Cell Signaling Technology). TUNEL staining was performed using standard protocols. Radioactive in situ hybridizations were performed using previously described probes for Sema3C (38) and PlexinA2 (15) . Immunohistochemistry and in situ hybridization images were analyzed using Adobe Photoshop. Brightness and contrast were altered identically in control and mutant images in all instances using Adobe Photoshop.
H&E and Modified Movat's Pentachrome staining were performed using standard protocols. Quantification of phospho-histone-H3 + , DAPI + , and TUNEL + cells was performed using Metamorph software. Triple filter images were used in the analysis to exclude nonspecific signal, and leaflets were traced from images in a manner blinded to genotype.
Intrauterine echocardiography. Pregnant female mice were anesthetized by inhalation of 2% isoflurane in a glass chamber and 1% to 1.5% isoflurane via nose cone to maintain anesthesia. The mice were imaged on a heated platform while monitoring body temperature. Echocardiography was performed using a Vevo 770 (VisualSonics) with a linear 30-MHz probe (RMV 707). A map of the position of the embryos, constructed during each study, was used to dissect the embryos at the conclusion of the study for genotyping. Pulse-wave Doppler analysis of the aorta was used to assess aortic insufficiency.
OPT. Embryos were harvested into cold PBS, and the heart and great arteries were dissected. The organs were fixed overnight in 4% paraformaldehyde. Organs were embedded in 1% low-melt agarose, dehydrated in methanol, and then cleared in 1:2 (v/v) benzyl alcohol and benzyl benzoate (64) . Organs were then scanned using the Bioptonics OPT Scanner (3001M). The semilunar valves and leaflets were outlined in Adobe Photoshop, and image stacks were reconstructed using OsiriX software. Volumes of reconstructed images of leaflets were calculated using Volocity software.
Statistics. Students' 2-tailed t test analysis was used to evaluate differences between groups. P < 0.05 was considered statistically significant. OPT quantitative data and proliferation indices are represented as average ± SEM.
